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HIGHLIGHTS 


•  Effect  of  Ti-substitution  on  the  electrochemical  properties  of  LiNio.5Mni.5_xTix04. 

•  LiNio.5Mni.5_xTix04  showed  improved  cycle  life  in  full-cells  (vs.  graphite  or  LTO). 

•  The  Ti-substitution  reduces  electrolyte  oxidation  during  battery  cell  operation. 

•  The  Ti-substitution  retards  parasitic  reactions  at  electrode/electrolyte  interface. 

•  Among  various  samples,  LNMT3  delivered  optimal  battery  performances. 
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The  effect  of  Ti-substitution  on  the  electrochemical  properties  of  LiNio.5Mni.5_xTix04  was  investigated  by 
using  half-cells  paired  with  lithium  metal,  and  full-cells  paired  with  either  graphite  or  Li4Ti50i2  (LTO) 
negative  electrodes.  In  half-cells,  Ti-substitution  increased  the  operation  voltage,  but  reduced  the  specific 
capacity.  While  some  improvements  in  performance,  such  as  higher  operation  voltage  and  less  self¬ 
discharge,  could  be  measured  in  the  half-cells,  the  critical  advantages  of  the  Ti-substitution  were 
readily  observed  in  full-cell  cycling.  Compared  with  Ti-free  LiNio.5Mn1.5O4,  the  LiNi0.5Mn1.5_xTixO4  elec¬ 
trodes  delivered  improved  full-cell  performance  whether  paired  with  graphite  or  LTO  negative  elec¬ 
trodes;  greater  cycle  life,  higher  cell  operating  voltage,  and  lower  voltage  polarization  on  charging/ 
discharging.  Based  on  relatively  low  self-discharge  and  high  Coulombic  efficiency,  it  is  suggested  that  the 
Ti-substitution  in  LiNio.5Mni.5_xTix04  retards  electrolyte  oxidation.  In  addition,  scanning  electron  mi¬ 
croscopy  (SEM)  images  revealed  that  cycle-aged  LiNio.5Mn1.2Tio.3O4  particle  surfaces  remained  relatively 
clean  compared  with  those  of  LiNio.5Mn1.5O4  particles.  These  results  are  consistent  with  the  hypothesis 
that  Ti-substitution  reduces  electrolyte  oxidation  and  retards  or  prevents  some  of  the  degradative 
parasitic  reactions  at  the  electrode/electrolyte  interfaces  during  battery  cell  operation. 

©  2014  Elsevier  B.V.  All  rights  reserved. 


1.  Introduction 

High  voltage  LiNio.5Mn1.5O4  (LNMO)  spinel  is  a  promising 
candidate  as  the  positive  electrode  in  next  generation  Li-ion  bat¬ 
teries  for  electric  vehicle  applications  due  to  its  high  operating 
voltage  of  ~4.7  V  (vs.  Li/Li+)  and  good  high-rate  performance  [1  — 
3].  Unfortunately,  the  benefit  of  high  voltage  operation  is  difficult  to 
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realize  because  of  oxidative  decomposition  of  the  electrolyte. 
Traditional  positive  electrode  materials  such  as  LiCo02  do  not  suffer 
from  an  oxidative  decomposition  of  electrolytes  because  they 
operate  at  lower  voltages;  <4.5  V  vs.  Li  [4].  Although  LNMO/Li  half 
cells  deliver  good  battery  performance,  [1,2]  recent  studies  have 
reported  poor  cycle  life  of  LNMO/graphite  full-cells,  especially  at 
elevated  temperatures;  higher  than  45  °C  [5-7  .  The  degradation  of 
the  full-cell  performance  is  attributed  to  thermal  and  electro¬ 
chemical  decomposition  of  conventional  electrolytes,  which  are 
typically  blends  of  fluorinated  lithium  salts  with  carbonate-based 
solvents.  It  has  been  reported  that  the  capacity  fading  is  caused 
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by  the  loss  of  active  Li+  due  to  parasitic  reactions  in  full-cells  [6,7]. 
Although  detailed  mechanisms  are  not  fully  understood,  it  has  been 
suggested  that  several  different  products  of  electrolyte  decompo¬ 
sition,  such  as  HF,  CO2,  and  transition  metal  dissolution,  contribute 
to  the  Li+  loss  [6,8,9]. 

Recent  studies  have  reported  that  Ti  doping  can  improve  the 
battery  performance  of  LiNi0.5Mni.5_xTixO4  [10,11  .  The  substitution 
of  Ti  for  Mn  in  LiNio.5Mni.5_xTix04  suppresses  Ni/Mn  ordering, 
which  increases  the  Li+  ion  diffusion  rate  [10].  Noguchi  et  al.  [11] 
demonstrated  that  small  amounts  of  Ti  substitution  (x  <  0.2)  for 
Mn  improved  the  cycle  lives  of  LiNi0.5Mni.5_xTixO4/graphite  full- 
cells.  They  showed  that  the  capacity  retention  of  the  full-cells 
increased  with  Ti  content  in  the  range  from  x  =  0  to  0.19.  Howev¬ 
er,  greater  Ti  substitution  (x  >  0.5)  reduced  the  capacity  and  cycle 
life  of  LiNio.5Mni.5_xTix04/Li  half-cells,  an  effect  which  was  attrib¬ 
uted  to  a  perturbation  of  the  electron  hopping  pathway  by  the 
presence  of  Ti4+  (d°)  in  the  lattice  [10].  Fig.  1  shows  the  variation  of 
discharge  capacity  with  Ti  content  in  LiNio.5Mni.5_xTix04/Li  half¬ 
cells.  However,  the  capacity  retentions  of  LiNi0.5Mni.5_xTixO4/ 
graphite  full-cells  are  unknown  yet  for  Ti  contents  higher  than  0.2, 
and  below  0.5.  In  this  study,  we  investigated  the  full-cell  perfor¬ 
mance  of  the  LiNio.5Mni.5_xTix04  for  x  =  0.3,  0.35,  and  0.4  paired 
with  graphite  and  Li [ Li  1  /3Ti5 /3 ] O4  (LTO)  negative  electrodes. 

2.  Experimental 

LiNio.5Mni.5_xTix04  was  synthesized  via  solid-state  reaction. 
Stoichiometric  amounts  of  U2CO3,  NiC03,  MnC03,  and  Ti02  were 
mixed  using  a  ball-mill  (SPEX  8000D)  for  30  min.  The  mixed  pre¬ 
cursors  were  pelletized  and  heated  at  500  °C  for  12  h  in  air.  The 
resulting  powders  were  reground,  pelletized,  and  heated  at  650  °C 
for  12  h  in  air.  This  synthesis  was  completed  with  a  final  heat 
treatment  at  900  °C  for  6  h  in  air.  The  900  °C  treatment  yields  LNMO 
and  LiNio.5Mni.5_xTix04  with  fully  disordered  Ni/Mn,  but  it  can  also 
yield  various  rock  salt-phase  impurities.  Annealing  at  700  °C  for 
48  h  removes  these  impurity  phases.  Accordingly,  Ti-substituted 
samples  (x  =  0.3,  0.35,  and  0.4)  were  annealed  at  700  °C  for  48  h. 
The  Ti-free  (x  =  0)  samples  were  not  annealed  at  700  °C  to  prevent 
Ni/Mn  ordering,  which  has  been  observed  and  which  reduces 
electrochemical  performance  compared  with  fully  disordered  Ni / 
Mn  in  LNMO  [1,10].  Earlier  study  showed  that  Ti  substitution  in 


Fig.  1.  The  variation  of  discharge  capacity  with  Ti  content  measured  from 
LiNio.5Mni.5_xTix04/Li  half-cells.  The  data  in  this  study  were  compared  with  the  liter¬ 
ature  data  from  Kim  et  al.  [10]  and  Noguchi  et  al.  [11]. 


LNMO  helped  retain  Ni/Mn  disorder,  as  evidenced  by  XRD  and  TEM 
analyses  [10].  Surface  areas  of  as-prepared  LNMO  and  x  =  0.3, 
respectively,  were  determined  to  be  1.112  and  1.154  m2  g-1  by 
Brunauer— Emmett-Teller  (BET)  analysis.  Table  1  lists  the  nomen¬ 
clatures  of  the  various  samples  investigated  in  this  report.  Fourier 
transform  infrared  (FT-IR)  spectra  were  acquired  with  a  Nicolet 
instrument  with  2  cm-1  resolution  using  KBr  pellets  containing 
0.5  wt%  LiNio.5Mni.5_xTix04  powders. 

The  positive  electrode  consisted  of  80:10:10  wt%  of 
LiNio.5Mni.5_xTix04,  super-P  carbon,  and  polyvinylidene  fluoride 
(PVDF,  Kynar  HSV900).  For  half-cells,  lithium  foil  was  used  as  the 
anode.  For  LiNi0.5Mni.5_xTixO4/graphite  full-cells,  the  graphite 
negative  electrode  consisted  of  89:4:7  wt%  of  graphite  (G8,  Con- 
ocophillips),  super-P  carbon,  and  PVDF.  For  LiNi0.5Mni.5_xTixO4/LTO 
full-cells,  the  LUTisO^  (LTO)  negative  electrode  consisted  of 
80:10:10  wt%  of  LTO,  super-P  carbon,  and  PVDF.  Each  electrode 
formulation  was  mixed  with  N-methylpyrrolidone  (NMP)  and 
coated  onto  Al  (for  LNMO)  or  Cu  (for  graphite  and  LTO)  foil  via  the 
doctor-blade  method.  A  piece  of  separator  (Celgard,  PP/PE/PP  tri¬ 
layer),  and  a  1  M  LiPF6  in  ethylene  carbonate  (EC)/ethyl  methyl 
carbonate  (EMC)  (1/1  vol.  ratio)  electrolyte  were  used  for  preparing 
coin  cells.  All  coin  cells  were  cycled  using  a  Maccor  4000  battery 
testing  system.  Scanning  electron  microscopy  (SEM,  Zeiss  NVision) 
images  of  cycle-aged  LiNi0.5Mni.5_xTixO4  (x  =  0  and  0.3)  electrodes 
were  acquired. 

3.  Results  and  discussion 

3.1.  Ni/Mn  disordering  in  LiNiosMn  is-xTix04 

Fig.  2  shows  the  FT-IR  spectra  of  the  various  LiNio.5Mni.s_xTix04 
samples.  The  Ni/Mn  disordered  LNMO  spinel  was  synthesized  using 
a  final  heat-treatment  at  900  °C.  To  promote  the  Ni/Mn  ordering, 
the  LNMO  powder  was  then  annealed  at  700  °C  for  48  h  [1,3,12,13]. 
The  disordered  LNMO  prepared  at  900  °C  exhibited  several  broad 
and  ill-defined  bands  mainly  attributed  to  Mn-0  and  Ni-0  bond 
vibrations.  For  the  ordered  LNMO,  however,  peaks  at  555  cm-1 
associated  with  the  Mn-0  vibration  and  582-591  cm-1  associated 
with  the  Ni-0  vibration  are  clearly  defined  [12].  The  increase  in  the 
distinguishable  peaks  is  the  result  of  a  reduction  of  space  symmetry 
from  disordered  to  ordered  phase  and  subsequent  increase  in  IR 
active  bands  [12].  Despite  annealing  at  700  °C  for  48  h,  the  LNMT3 
and  LNMT35  samples  exhibited  spectra  close  to  the  disordered 
LNMO  (900  °C).  This  can  be  explained  by  the  reduction  of  Mn 
content  by  Ti  substitution  and  subsequent  perturbation  of  the  1/3 
ratio  of  Ni/Mn  required  for  ordering.  The  LNMT2  sample  still 
exhibited  noticeable  peaks  at  586  and  555  cm-1,  but  their  in¬ 
tensities  are  lower  compared  with  the  ordered  LNMO  (700  °C).  This 
result  suggests  that  the  LNMT2  sample  consists  of  both  disordered 
and  ordered  spinel  phases.  The  LNMT25  (x  =  0.25)  also  showed  the 
mixture  of  disordered  and  ordered  spinels  (data  not  shown  here). 


Table  1 

List  of  samples  and  nomenclatures  of  various  LiNi0.5Mni.5_xTixO4  samples. 


Nomenclatures 

Sample  descriptions 

LNMO 

LiNi0.5Mn15O4  (LNMO)  powder  sample  synthesized 
at  900  °C 

LNMT2 

LiNi0.5Mni.3Tio.204  synthesized  at  900  °C  followed  by 
annealing  at  700  °C  for  48  h 

LNMT3 

LiNi0.5Mni.2Tio.304  synthesized  at  900  °C  followed  by 
annealing  at  700  °C  for  48  h 

LNMT35 

LiNio.5Mni.i5Ti0.3504  synthesized  at  900  °C  followed  by 
annealing  at  700  °C  for  48  h 

LNMT4 

LiNio.5Mn1.iTi0.404  synthesized  at  900  °C  followed  by 
annealing  at  700  °C  for  48  h 
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Fig.  2.  Comparison  of  FT-IR  spectra  of  LNMO  and  LNMTO  samples.  For  the  LNMO 
samples,  two  different  final  heat-treatments  were  applied:  900  °C  for  6  h  and  700  °C 
for  48  h.  The  LNMT2,  LNMT3,  and  LNMT35  samples  were  heated  at  700  °C  for  48  h. 


In  conclusion,  the  LiNi0.5Mni.5_xTixO4  sample  is  fully  disordered  for 
x  >  0.3  with  our  experimental  conditions.  This  result  is  slightly 
different  than  an  earlier  report,  [10]  as  we  found  that  starting 
precursors  for  the  solid-state  reaction  synthesis  can  also  affect  the 
ordering  behavior  of  LiNi0.5Mni.5_xTixO4  spinels  for  x  <  0.3. 


3.2.  LiNi0.5Mni5-xTixO4/Li  half-cells 

The  effect  of  Ti  substitution  in  LiNio.5Mni.5_xTix04  on  battery 
performance  was  assessed  using  coin-cells.  Fig.  3(a)  compares 
voltage  profiles  of  LiNio.5Mni.5_xTix04/Li  half-cells  on  discharging. 
As  shown  in  Fig.  1,  the  Ti-substituted  LiNi0.5Mni.5_xTixO4  (x  =  0.2- 
0.4)  electrodes  delivered  lower  discharge  capacity  with  increasing 
Ti  content.  As  the  result  of  annealing  at  700  °C,  the 
LiNi0.5Mni.5_xTixO4  (x  =  0.2-0.4)  electrodes  showed  negligible  ca¬ 
pacity  at  ~4  V  regions  (associated  with  Mn3+/4+  redox)  compared 
with  the  Ti-free  LNMO  electrode.  Meanwhile,  the  Ti  substitution  in 
LiNi0.5Mni.5_xTixO4  increased  the  Ni2+^4+  redox  potentials,  as  evi¬ 
denced  by  differential  capacity  profiles  ( dQJdV)  in  Fig.  3(b).  For 
example,  the  Ni2+^3+  and  Ni3+^4+  redox  voltages,  respectively, 
increased  from  4.686  V  (for  the  LNMO)  to  4.739  V  (for  the  LNMT3) 
and  from  4.753  V  (for  the  LNMO)  to  4.787  V  (for  the  LNMT3)  on 
charging.  Unlike  other  samples,  the  LNMT2  electrode  showed  two 
separated  peaks  (at  4.725  V  and  4.748  V  on  charging)  which  are 
associated  with  the  Ni2+^3+  redox.  This  peak  splitting  can  be 
explained  by  individual  contributions  from  disordered  (4.725  V) 
and  ordered  (4.748  V)  spinel  phases  for  the  Ni2+^3+  redox,  because 
the  LNMT2  sample  consisted  of  their  mixed  phases,  as  evidenced  by 
the  FT-IR  data  (see,  Fig.  2).  Since  the  potentials  of  the  Ni3+^4+  redox 
are  similar  between  the  disordered  and  ordered  phases,  [1]  the 
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Fig.  3.  (a)  Comparison  of  voltage  profiles  measured  from  half-cells  with  C/  10-rate  at 
30  °C  and  (b)  their  differential  capacity  profiles  (dQJdV).  (c)  Cycling  performance  of 
half-cells  with  C/5-rate  at  30  °C. 


LNMT2  electrode  exhibited  single  redox  peak  at  4.772  V  on 
charging. 

Fig.  3(c)  shows  capacity  retention  of  the  LiNi0.5Mni.5_xTixO4/Li 
half-cells  during  cycling  with  a  C/5-rate  at  30  °C.  The  LNMO 
delivered  the  highest  discharge  capacity  of  ~125  mAh  g  1  and 
maintained  ~92%  of  the  initial  capacity  at  the  200th  cycles.  The  Ti 
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substitution  in  the  LiNio.sMni.5_xTix04  lowered  the  initial  capacities 
and  capacity  retentions.  The  LNMT3  and  LNMT35  electrodes, 
respectively,  showed  initial  discharge  capacities  of  121  mAh  g-1 
and  115  mAh  g_1,  and  exhibited  87%  and  85%  of  capacity  retentions 
at  the  200th  cycle.  The  LNMT4  electrode  delivered  an  initial 
discharge  capacity  of  108  mAh  g-1  and  72%  of  capacity  retention  at 
the  200th  cycle.  The  LNMT2  electrode  delivered  poor  capacity 
retention  compared  with  other  electrodes.  This  can  be  explained 
partly  by  the  presence  of  the  ordered  phase,  which  has  been  shown 
to  deteriorate  the  cycle  life  of  battery  cells  [14].  In  general,  the 
decreases  in  capacity  and  cycle  life  of  the  LiNi0.5Mni.5_xTixO4 
electrode  with  Ti  content  agree  well  with  that  reported  in  the 
literature  [10,15]. 

The  high  operation  voltage  of  the  LiNi0.5Mni.5_xTixO4  spinel  is  a 
critical  issue  for  conventional  liquid  electrolytes  [4].  Electrolyte 
oxidation  occurs  through  contact  with  partly  or  fully  delithiated 
LNMO  electrodes  at  high  voltages  (i.e.  ~4.7  V),  which  results  in  a 
self-discharge  of  the  LNMO  electrode  (Eq.  (1))  as  evidenced  by 
electrochemical,  XRD,  and  Raman  spectroscopy  data  [7,16,17]. 

Nio.sMn!  504  +  x  Li+  +x  electrolyte ^LixNi0.5Mn15O4  ^ 

+x  electrolyte+ 

The  effect  of  Ti  substitution  on  the  oxidative  electrolyte 
decomposition  and  subsequent  self-discharge  was  investigated  by 
the  following  methods.  The  LiNio.5Mni.5_xTix04/Li  half-cells  were 
fully  charged  to  4.9  V,  and  rested  for  72  h  in  open  circuit  condition, 
as  illustrated  in  Fig.  4(a).  During  the  72  h  period,  any  electrolyte 
oxidation  will  donate  electrons  to  the  Ni0.5Mni.5_xTixO4,  which 
results  in  Ni4+  ->  Ni3+  reduction  with  Li+  accommodation  in  the 
Ni0.5Mni.5_xTixO4  (self-discharge).  After  the  72  h  rest  period,  the 
half-cells  were  discharged  to  3.5  V,  and  were  found  to  deliver  a 
lower  discharge  capacity  (Csd)  than  their  usual  (CNormai)  capacity 
due  to  the  impact  of  self-discharge.  Considering  Eq.  (1),  it  will  be 
reasonable  to  assume  that  the  self-discharge  capacity,  determined 
by  subtracting  Csd  from  CNormai.  will  be  proportional  to  the  degree 
of  oxidative  decomposition  of  electrolyte.  Fig.  4(b)  and  (c) 
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Fig.  4.  (a)  Representative  voltage  profiles  of  a  half-cell  with  72  h  intervals  at  fully 
charged  state  (4.9  V  vs.  Li)  to  assess  the  self-discharge  capacity  (CSd  -  CNormai)-  Com¬ 
parison  of  dQJdV  profiles  with  and  without  the  72  h  intervals  at  fully-charged  state  for 
(b)  LNMO/Li  and  (c)  LNMT35/Li  half-cells  at  30  °C.  Shaded  region  corresponds  to  the 
self-discharge  capacity. 


illustrates  the  self-discharge  capacity  from  the  dQJdV  profiles  of 
LNMO  and  LNMT35  half-cells.  The  shaded  area  (highlighted  in  blue 
(in  the  web  version))  corresponds  to  the  amount  of  self-discharge, 
the  difference  between  Csd  (red  line,  normal  cycle  (in  the  web 
version))  and  CNormai  (black  line,  self-discharge  cycle). 

The  aforementioned  self-discharge  tests  were  repeated  10  times 
for  the  LiNi0.5Mni.5_xTixO4/Li  half-cells  at  30  °C.  Fig.  5  shows  the 
effect  of  Ti  substitution  on  the  self-discharge  capacities  during 
cycling.  The  LNMO  electrode  delivered  the  highest  initial  self¬ 
discharge  capacity  of  16  mAh  g-1  among  the  electrodes  tested, 
indicating  the  largest  amount  of  electrolyte  oxidation.  With 
increasing  Ti  content,  the  initial  self-discharge  amount  decreased 
for  the  LiNi0.5Mni.5_xTixO4  electrodes  from  x  =  0  to  0.35.  This  result 
suggests  that  the  Ti-substituted  LiNi0.5Mni.5_xTixO4  electrodes 
oxidize  the  electrolyte  less  than  the  LNMO  electrode  does.  It  is 
noteworthy  that  all  the  cells  exhibit  a  trend  of  decreasing  self¬ 
discharge  with  increasing  number  of  cycles.  This  result  possibly 
suggests  a  formation  of  passivation  layer  on  electrodes  as  a  result  of 
electrolyte  decomposition.  The  effectiveness  of  such  passivation 
layer  and  its  stability  upon  repeated  cycling  need  to  be  investigated 
in  future  studies. 

The  half-cell  data  suggest  that  the  Ti-substitution  for  Mn  in 
LiNi0.5Mni.5_xTixO4  offers  a  trade-off  between  half-cell  battery 
performances  (specific  capacity  and  cycle  life)  and  electrolyte  sta¬ 
bility.  However,  half-cell  data  is  inadequate  to  identify  the  main 
degradation  source  of  the  high-voltage  spinel  because  any  Li+  loss 
in  the  cell  is  compensated  by  the  lithium  metal  electrode.  In  this 
regard,  the  electrochemical  properties  of  the  LiNi0.5Mni.5_xTixO4 
samples  were  further  investigated  using  full-cells,  paired  with 
either  graphite  or  LTO  negative  electrodes. 

3.3.  LiNi0.5Mni5-xTixO 4/ graphite  full-cells 

The  LiNi0.5Mni.5_xTixO4/graphite  full-cells  were  cycled  in  a 
voltage  range  of  3. 4-4.8  V  with  C/5-rate  at  30  °C.  The  resulting 
voltage  profiles  of  the  full-cells  are  shown  in  Fig.  6.  Fig.  6(a)  shows 
that  the  LNMT3  and  LNMT4  electrodes  delivered  higher  cell  volt¬ 
ages  compared  with  those  of  LNMO  due  to  their  higher  Ni2+/4+ 
redox  voltages  (see,  Fig.  3).  The  LNMO  electrode  showed  capacity  at 
around  4  V  at  the  5th  cycle,  which  gradually  decreased  with  further 
cycling  and  disappeared  after  ~30  cycles.  After  ~30  cycles,  the 
LNMO  electrode  started  to  lose  its  capacity  from  the  4.4-4.7  V 
regions.  Our  earlier  reports  revealed  that  the  capacity  fading  is 


Fig.  5.  Comparison  of  self-discharge  capacities  from  LiNio.5Mni.5_xTix04/Li  half-cells. 
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Fig.  6.  (a)  Representative  voltage  profiles  of  LiNi0.5Mni.5_xTixO4  (x  =  0,  0.3,  and  0.4)/ 
graphite  full-cells  at  the  5th  cycle  at  30  °C.  Variation  of  voltage  profiles  in  the  full-cells 
with  (b)  LNMO,  (c)  LNMT3,  and  (d)  LNMT4  positive  electrodes  at  5th,  50th,  and  100th 
cycles.  All  the  full-cells  were  cycled  in  a  voltage  range  of  3.4-4.8  V  with  C/5-rate  at  30  °C. 


caused  by  the  loss  of  active  Li+  due  to  parasitic  reactions  in  full-cells 
[6,7].  It  has  been  reported  that  several  different  electrolyte 
decomposition  products  such  as  HF,  C02,  and  transition  metal 
dissolution  may  be  responsible  for  the  Li+  loss  [6,8,9]. 


Fig.  7(a)  compares  the  capacity  retentions  of  LiNio.5Mn1.5_x_ 
TixCU/graphite  full-cells  at  30  °C.  The  LNMO  sample  exhibited 
rapid  capacity  fading  with  cycling.  The  Ti-substituted 
LiNi0.5Mni.5_xTixO4  electrodes  showed  improved  capacity  reten¬ 
tion  and  Coulombic  efficiencies  compared  with  those  of  the 
LNMO.  For  example,  the  LNMT3  and  LNMT35  electrodes  showed 
ca.  87—89%  of  capacity  retention  after  100  cycles,  while  the  LNMO 
electrode  showed  72%  of  capacity  retention.  The  LNMT2  showed 
poor  capacity  retention  due  to  the  presence  of  ordered  phase  as 
discussed  earlier.  As  shown  in  Fig.  7(b),  the  LNMT3  and  LNMT35 
electrodes  exhibited  -99.7%  Coulombic  efficiencies  (after  stabi¬ 
lization),  while  the  LNMO  electrode  exhibited  -99.1%  in  full-cells. 
In  particular,  the  LNMT3,  LNMT35,  and  LNMT4  electrodes  retained 
much  higher  capacities  compared  with  that  of  the  LNMO  elec¬ 
trode  during  the  initial  50  cycles,  as  clearly  shown  in  Fig.  6(b)— 
(d).  Flowever,  the  parasitic  reactions  in  the  full-cells  and  conse¬ 
quent  Li+  loss  were  inevitable  during  extended  cycles,  and 
resulted  in  the  capacity  losses  beyond  the  50th  cycle.  Earlier 
studies  demonstrated  that  the  capacity  fading  in  Li-ion  battery 
cells  occurs  due  to  various  factors;  e.g.,  unbalanced  cathode/ 
anode  ratio,  active  material  loss,  self-discharge,  overcharge, 
electrolyte  side  reactions  18-20].  In  these  factors,  our  recent 
study  demonstrated  that  the  electrolyte  side  reaction  will  be  the 
main  cause  of  the  capacity  fading  in  LNMO/graphite  cells  at  30  °C 


Fig.  7.  (a)  Cycling  performances  and  (b)  corresponding  Coulombic  efficiencies  of 
LiNi0.5Mni.5_xTixO4/graphite  full-cells  with  C/5-rate  at  30  °C. 
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[8].  The  capacity  fading  mechanism  in  LNMO/graphite  full-cells 
has  been  explained  by  following  sequential  reactions;  (i)  elec¬ 
trolyte  oxidation  at  the  LNMO  surface,  (ii)  migration  of  the  side- 
reaction  products  toward  the  graphite  anode,  and  (iii)  consump¬ 
tion  of  Li+  via  parasitic  reactions  at  the  electrolyte/graphite 
interface  [21]. 

Fig.  8  shows  the  variations  of  mean  voltages  on  charge/ 
discharge  with  cycle  number  for  the  LiNio.5Mni.5_xTix04/graphite 
full-cells.  The  LNMO  full-cell  showed  increases  in  mean  voltages  on 
charge/discharge  during  initial  -30  cycles  because  of  the  afore¬ 
mentioned  capacity  loss  at  -4  V  regions;  as  the  consequence  of  Li+ 
loss,  LNMO  cannot  be  fully  discharged  at  the  end  of  discharge, 
which  leads  to  the  disappearance  of  the  -4  V  plateau.  The  LNMO 
electrode  showed  a  rapid  increase  in  polarization  between  mean 
charge  and  discharge  voltages  (VGap/LNMo)  until  the  30th  cycle,  and 
maintained  a  relative  large  polarization  compared  with  that 
measured  for  Ti-substituted  samples.  It  is  probable  that  parasitic 
reactions  at  the  surfaces  of  LNMO  and  graphite  SEI  in  the  LNMO / 
graphite  full-cell  will  be  responsible  for  the  increase  in  the  polari¬ 
zation.  In  contrast,  LNMT3,  LNMT35,  and  LNMT4  electrodes  main¬ 
tained  relatively  small  polarizations  during  cycling,  which  are 
attributed  to  less  electrolyte  oxidation  and  less  parasitic  reactions 
in  the  full-cells  compared  with  the  LNMO  full-cell.  In  contrast,  the 
LNMT2  delivered  larger  polarization  compared  with  other  Ti- 
substituted  electrodes. 

At  an  elevated  temperature  of  45  °C,  the  LiNi0.5Mni.5_xTixO4/ 
graphite  full-cells  deliver  inferior  battery  performances  compared 
with  that  obtained  at  30  °C.  This  may  be  attributed  to  combined 
effects  of  electrochemical  and  thermal  degradations  in  the  elec¬ 
trolytes.  For  example,  hydrolysis  of  LiPF6  is  promoted  at  elevated 
temperatures,  which  results  in  production  of  PF5  and  FIF,  sources  of 
various  parasitic  reactions  [22-27].  Fig.  9(b)  shows  capacity  re¬ 
tentions  of  LiNi0.5Mni.5_xTixO4/graphite  full-cells  measured  during 
cycling  with  C/5-rate  at  45  °C.  The  LNMT3  full-cell  delivered  the 
highest  initial  capacity  of  115  mAh  g-1.  The  LNMO  full-cell  delivered 
a  little  lower  initial  capacity  of  105  mAh  g  1  followed  by  LNMT4 
full-cell  showing  100  mAh  g_1.  The  LNMO  full-cell  showed  large 
capacity  loss  during  the  initial  cycle  compared  with  those  of  LNMT3 
and  LNMT4  at  45  °C,  which  will  be  related  with  parasitic  reactions 
at  electrode  surfaces.  Fig.  9  compares  the  battery  performances  of 
LiNi0.5Mni.5_xTixO4/graphite  full-cells  at  45  °C.  Fig.  9(c)  shows  that 


Fig.  8.  Variations  of  mean  voltages  on  charge  (open)  and  discharge  (closed)  with 
number  of  cycles  recorded  from  LiNio.5Mni.5_xTix04/graphite  full-cells  with  C/5-rate  at 
30  °C.  Arrows  are  guide  for  eyes  showing  polarizations  of  mean  voltages  between 
charge  and  discharge. 


Fig.  9.  (a)  Representative  voltage  profiles  of  LiNio.5Mni.5_xTix04  ( x  =  0,  0.3,  and  0.4)/ 
graphite  full-cells  at  the  3rd  cycle  at  45  °C.  (b)  Cycling  performances  and  (c)  Coulombic 
efficiencies  of  the  full-cells  with  C/ 5-rate  at  45  °C. 


the  LNMT3  and  LNMT4  electrodes  exhibit  higher  Coulombic  effi¬ 
ciencies  (stabilized  at  98.3%)  than  that  of  the  LNMO  (stabilized  at 
97.9%). 

Flowever,  unlike  the  data  obtained  at  30  °C  (see  Fig.  7(a)),  the 
slope  of  capacity  retention  at  45  °C  was  not  improved  by  Ti  sub¬ 
stitution.  The  low  Coulombic  efficiencies  indicate  more  severe 
electrolyte  decomposition  and  parasitic  reactions  at  45  °C 
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compared  with  those  at  30  °C.  Therefore,  any  improvements  in  full- 
cells  as  a  result  of  the  Ti  substitution  will  be  obscured  at  45  °C 
because  severe  electrolyte  degradation  is  the  dominant  mechanism 
for  capacity  fading.  For  example,  when  EC/DEC  (1/2  vol.  ratio)  was 
used,  which  has  inferior  thermal  stability  compared  with  the  EC/ 
EMC  (1/1  vol.  ratio)  used  in  this  study  [27],  all  the  full-cells  failed 
within  20  cycles  and  cell  data  was  not  comparable  with  each  other. 
However,  it  should  be  noted  that  the  failure  of  LNMO/graphite  full- 
cells  is  not  only  caused  by  thermal  degradation  but  also  oxidative 
decomposition  of  electrolytes;  because  the  same  EC/DEC  (1/2  vol. 
ratio)  based  electrolyte  delivered  good  capacity  retentions  in  full- 
cells  with  lower  operation  voltages  (i.e.  LiNii/3Coi/3Mni/302/ 
graphite)  at  45  °C.  Employing  advanced  electrolyte  with  improved 
thermal  stability  and  wide  applicable  voltage  window  will  be 
necessary  to  properly  gauge  the  effect  of  Ti  substitution  on  the 
LiNi0.5Mni.5_xTixO4/graphite  performances  at  elevated 
temperatures. 

3.4.  LiNi0.5Mni5-xTixO4/LTO  full-cells 

The  LiNi0.5Mni.5_xTixO4/graphite  full-cell  operation  requires 
broad  electrolyte  stability  windows  ranging  from  0  to  5  V  vs.  Li. 
The  higher  operation  voltage  of  LTO  negative  electrode  (ca.  1.5  V 
vs.  Li)  than  that  of  the  graphite  (ca.  0.15  V  vs.  Li)  can  mitigate 
reductive  decomposition  of  electrolyte,  which  would  be  beneficial 
for  extending  cycle  life  of  LiNi0.5Mni.5_xTixO4/LTO  full-cell.  There¬ 
fore,  the  effects  of  Ti  substitution  on  the  electrochemical  proper¬ 
ties  of  LiNio.5Mni.5_xTi*04/LTO  full-cells  were  investigated  at  30 
and  45  °C. 

Fig.  10(a)  compares  voltage  profiles  of  the  LiNio.5Mni.5_xTix04/ 
LTO  full-cells  at  30  °C.  Again,  LNMT3— LNMT4  electrodes  exhibited 
higher  cell  voltage  compared  with  the  LNMO  due  to  the  higher 
Ni2+/4+  redox  voltages  (see  Fig.  3(b)).  Fig.  10(b)  shows  the  capacity 
retentions  of  LiNio.5Mni.5_xTix04/LTO  full-cells  cycled  with  C/5-rate 
at  30  °C.  The  LNMO/LTO  full-cell  showed  93%  capacity  retention 
after  200  cycles,  which  is  much  higher  than  that  of  the  LNMO/ 
graphite  full-cell  (72%  after  100  cycles).  The  LNMT3  and  LNMT35 
electrodes  delivered  high  capacity  retentions  of  ca.  96%  and 
improved  Coulombic  efficiencies  compared  with  those  of  the  LNMO 
electrode.  All  the  LiNi0.5Mni.5_xTixO4/LTO  full-cells  finally  reached 
similar  Coulombic  efficiency  values  in  a  range  of  99.3-99.5%  after 
200  cycles.  The  low  capacity  retention  of  the  LMNT4  full-cell  cannot 
be  explained  at  this  time.  It  is  possible  that  it  is  related  to  the 
reduced  electronic  conductivity,  which  was  discussed  in  earlier 
with  reference  to  Fig.  3(c). 

Fig.  11  compares  voltage  profiles  of  the  LiNio.5Mni.5_xTix04/LTO 
full-cells  at  45  °C.  At  the  elevated  temperature  of  45  °C,  the  LNMO / 
LTO  full-cell  experienced  significant  capacity  loss  during  cycling. 
Fig.  12(a)  shows  that  the  LNMO/LTO  cell  retains  58%  capacity  after 
100  cycles  at  45  °C.  This  noticeable  capacity  fading  suggests  that 
severe  electrolyte  decomposition  problem  still  exists  in  the  LNMO / 
LTO  full-cell  system  at  the  elevated  temperature.  The  variation  in 
differential  capacity  profiles  ( dQJdV )  with  cycle  number  in  the 
LNMO/LTO  full-cell  is  illustrated  in  Fig.  13.  The  LNMO/LTO  full-cell 
first  lost  its  capacity  gradually  at  ~2.5  V  regions  (Mn3+^4+  redox) 
during  initial  40  cycles  (see  Fig.  13(a)),  followed  by  a  loss  of  capacity 
at  the  ~3.2  V  regions  (Ni2+^4+  redox)  onward  (see  Fig.  13(b)).  This 
trend  is  the  same  as  that  observed  from  the  LNMO/graphite  full-cell 
[6],  inferring  that  the  capacity  loss  will  be  attributed  to  the  loss  of 
active  Li+  in  the  LNMO/LTO  full-cell.  Recent  study  by  Belharouak 
et  al.  [28]  showed  a  performance  degradation  of  LiMn204/LT0  full- 
cells  at  elevated  temperatures.  In  addition  to  gaseous  products  (i.e. 
H2,  CO2,  etc.),  they  found  L^TiFe,  manganese,  fluorine,  and  phos¬ 
phorous  species  on  the  surface  of  LTO,  of  which  formation  was 
promoted  at  high  temperature  and  voltage  [28].  Considering  higher 


Cycle  number 


Fig.  10.  (a)  Representative  voltage  profiles  of  LiNio.5Mni.5_xTix04  (x  =  0,  0.3,  0.35,  and 
0.4)/LTO  full-cells  at  the  30th  cycle  at  30  °C.  (b)  Cycling  performances  and  (c) 
Coulombic  efficiencies  of  the  full-cells  with  C/5-rate  at  30  °C. 


voltage  of  LNMO  compared  with  the  LiMn204,  it  is  plausible  that 
such  side  reactions  will  be  more  severe  for  LNMO/LTO  full-cells.  The 
Li+  consumption  mechanism  via  electrolyte  decomposition  on  LTO 
needs  to  be  determined  in  future  studies. 
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Fig.  11.  Variation  of  voltage  profiles  in  LiNi0.5Mni.5_xTixO4/LTO  full-cells  with  cycle 
numbers  at  45  °C;  (a)  x  =  0,  (b)  x  =  0.3,  (c)  x  =  0.35,  and  (d)  x  =  0.4.  The  full-cells  were 
cycled  in  a  voltage  range  of  2.0-3 .4  V  with  C/ 5-rate. 


Fig.  13(c)  and  (d)  demonstrates  that  the  LNMT3  electrode  suffers 
from  Li+  loss  during  cycling,  like  the  LNMO  electrode  does.  However, 
Fig.  12(c)  shows  that  the  LNMT3/LTO  full-cell  maintained  a  similar 
level  of  polarization  between  mean  charge  and  discharge  voltages 


Number  of  cycles 

Fig.  12.  (a)  Variations  of  mean  voltages  on  charge  (open)  and  discharge  (closed)  with 
number  of  cycles,  (b)  cycling  performances,  and  (c)  Coulombic  efficiencies  of 
LiNio.5Mni.5_xTix04/LTO  full-cells  with  C/5-rate  at  45  °C. 


during  100  cycles,  while  the  polarization  issue  is  still  manifested  in 
the  LNMO/LTO  full-cell.  This  result  again  supports  the  claim  that 
full-cells  experience  less  electrolyte  decomposition  and  subse¬ 
quently  less  parasitic  reactions  by  employing  the  LNMT3  electrode. 
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Fig.  13.  Variation  of  dQJdV  profiles  with  number  of  cycles  for  (a,  b)  LNMO  and  (c,  d)  LNMT3  positive  electrodes  in  LiNi0.5Mni.5_xTixO4  (x  =  0  and  0.3)/LTO  full-cells  at  45  °C. 


Although  the  electrolyte  oxidation  problem  still  presents, 
employing  LTO  as  the  negative  electrode  in  full-cells  will  mitigate 
the  reductive  decomposition  of  the  electrolyte.  For  this  reason, 
unlike  the  case  of  LiNi0.5Mni.5_xTixO4/graphite  full-cells,  the  EC/DEC 
(1/2  vol.  ratio)  based  electrolyte  delivered  similar  cycle  lives  to  the 
EC/EMC  (1/1  vol.  ratio)  based  electrolyte  in  the  LiNi0.5Mni.5_xTixO4/ 
LTO  full-cells  at  45  °C;  it  should  be  remembered  that  the 
LiNio.5Mni.5_xTix04/graphite  full-cells  were  not  cycleable  at  45  °C 
using  the  EC/DEC  (1/2  vol.  ratio)  based  electrolyte,  as  mentioned 


earlier.  By  suppressing  the  oxidative  electrolyte  decomposition,  the 
Ti-substituted  LiNi0.5Mni.5_xTixO4  electrodes  showed  improved 
capacity  retentions  and  Coulombic  efficiencies  compared  with 
those  of  the  LNMO.  For  example,  Fig.  12  shows  that  the  LNMT3 
electrode  delivers  higher  capacity  retention  (79%)  and  Coulombic 
efficiency  (98.4%)  than  those  of  LNMO.  Especially,  the  Ti-substituted 
LiNi0.5Mni.5_xTixO4  electrodes  showed  good  capacity  retentions 
during  initial  30  cycles,  while  they  started  to  show  capacity  fading 
afterward,  probably  because  of  electrolyte  degradations. 


Fig.  14.  SEM  images  of  cycled  positive  electrodes  at  30  °C:  (a,  b)  cycled  LNMO  electrode  and  (c,  d)  cycled  LNMT3  electrode. 
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Fig.  14  compares  SEM  images  of  cycled  LiNio.5Mni.5_xTix04  (x  =  0 
and  0.3)  electrodes  recovered  from  LiNi0.5Mni.5_xTixO4/graphite 
full-cells  after  cycling  at  30  °C.  In  Fig.  14(a)  and  (b),  surfaces  of 
LNMO  electrode  showed  textures,  which  can  be  attributed  to  either 
transition  metal  dissolution  or  the  deposition  of  products  of  elec¬ 
trolyte  decomposition  [7,28-30].  The  deposits  on  the  LNMO  par¬ 
ticles  could  be  polymeric  species  and/or  inorganic  fluoride  and 
phosphate  species  [7,31,32].  For  instance,  there  are  several  litera¬ 
ture  reports  of  the  deposition  of  MnF2  on  the  surface  of  LNMO 
particles  [7,30].  In  comparison,  SEM  images  of  the  cycled  LNMT3 
electrode  appear  to  be  relatively  clean  after  cycling,  as  shown  in 
Fig.  14(c)  and  (d).  This  result  again  supports  that  electrolyte 
decomposition  and  resulting  parasitic  reactions  are  mitigated  by 
employing  the  Ti-substituted  LNMT3  electrode. 

Our  results  demonstrated  that  the  Ti-substituted 
LiNi0.5Mni.5_xTixO4  electrodes  delivered  improved  full-cell  perfor¬ 
mances  paired  with  graphite  and  LTO  negative  electrodes  in  terms 
of  cell  operation  voltage,  polarization,  cycle  life,  and  Coulombic 
efficiency.  It  is  believed  that  the  electrolyte  oxidation  is  mitigated 
by  employing  LNMT3  and  LNMT35  electrodes,  as  evidenced  by  low 
self-discharge  capacities  (see,  Fig.  5)  and  high  Coulombic  effi¬ 
ciencies.  Among  the  various  samples  investigated,  the  LNMT3 
delivered  optimal  battery  performances  in  both  graphite  and  LTO 
full-cells.  Considering  the  similar  surface  areas  between  LNMO 
(1.154  m2  g_1)  and  LNMT3  (1.112  m2  g-1)  powders,  the  difference  in 
surface  area  cannot  explain  the  improved  performance  of  LNMT3. 
Future  studies  will  focus  on  revealing  the  improvement  mechanism 
of  LiNi0.5Mni.5_xTixO4  full-cells. 

4.  Conclusions 

In  this  work,  we  systematically  investigated  the  effects  of  Ti 
substitution  for  Mn  on  the  electrochemical  performance  of 
LiNi0.5Mni.5_xTixO4  (LNMTO)  spinel. 

1.  Without  Ti  substitution,  LNMO  delivers  poor  capacity  retention 
in  full-cells  paired  with  the  graphite  and  LLfTisO^  (LTO)  nega¬ 
tive  electrodes.  The  capacity  loss  is  primarily  attributed  to 
electrolyte  oxidation. 

2.  Ti  substitution  in  LNMO  retards  electrolyte  oxidation,  as  evi¬ 
denced  by  low  self-discharge  and  high  Coulombic  efficiency.  As 
a  result,  LNMTO  (x  =  0.3-0.4)/graphite  full-cells  delivered 
improved  capacity  retention  (87-89%  after  100  cycles) 
compared  with  that  of  the  LNMO/graphite  (72%  after  100  cycles) 
at  30  °C. 

3.  The  cleanliness  of  the  cycled  LNMTO  particles  observed  in  SEM 
images  suggests  the  negligible  amount  of  electrolyte  oxidation 
reaction  products,  and  provides  further  support  for  the  hy¬ 
pothesis  that  Ti  substitution  retards  electrolyte  oxidation. 

4.  When  LNMTO  is  paired  with  LTO  negative  electrode,  electrolyte 
reduction  is  also  reduced  because  of  the  high  operation  voltage 
of  LTO  (ca.  1.5  V  vs.  Li).  LNMTO/LTO  full-coin  cells  showed 
greater  capacity  retention  than  LNMTO/graphite. 

5.  At  elevated  temperature  (45  °C),  Ti-substituted  LNMTO  (x  =  0.3) 
delivered  improved  capacity  retention  (79%  after  100  cycles)  as 
compared  with  Ti-free  LNMO/LTO  full-cells  (58%  after  100  cycles). 


The  improvement  mechanism(s)  of  the  LNMTO  full-cells  paired 
with  graphite  and  LTO  negative  electrodes  needs  to  be  investigated 
further. 
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